Abstract. Based on graphene oxide and reduced graphene oxide, a novel gas sensor was fabricated with layer-by-layer self-assembly techniques. The negatively charged graphene oxide sheets and the positively charged reduced graphene oxide sheets were layer-by-layer assembled on positive Au electrodes. The gas sensor exhibited a 1.83% of resistance difference before and after exposure to 20 ppm of dimethyl methylphosphonate (DMMP). The sensor showed a good repeatability, and the recovery time was about 4 min. Above all, the unique properties, such as simplicity of production process, the easy availability of the materials and the good response to DMMP vapor, endow the device a great potential for sensing application.
Introduction
Gas sensor becomes more and more important in numerous fields, such as environmental monitoring, industry, medicine, energy and public safety [1] [2] [3] [4] [5] . Nanoscale materials, including semiconductor nanowires, carbon nanotubes and graphene, are considered as promising candidates for high performance gas sensor due to their small size, large specific surface area as well as low cost [6] [7] [8] . Carbon nanotubes and graphene have been widely reported on monitoring toxic gas, including CO, CO 2 , NH 3 , NO, NO 2 [9] [10] [11] [12] [13] . However, it is still a challenge to develop portable gas sensors with high selectivity, excellent stability at room temperature.
Graphene, as a single atomic layer 2-dimensional honeycomb carbon sheet [12] has aroused a great attention, due to its miracle properties, including high carrier mobility [13] , large surface areas [14] , high specific transparency [15] , exceptional thermal conductivity [16] , as well as high Young's modulus [17] . Graphene is a single layer 2D flat material. The specific surface areas reach up to 2630 m 2 /g. All carbon atoms can be exposed to the environment, which leading to great adsorption of gas. Gas sensor based on graphene shows high sensitivity to the gas molecules [18] . The signal-to-noise ratio of graphene gas sensor is very high due to the low electrical noise and high carrier mobility of graphene.
Many techniqueshave been reported to prepare graphene, including micromechanical exfoliation [12] , chemical vapor decomposition [19] , epitaxial growth [20] , chemical or thermal reduction of graphene oxide [21] . Among them, the chemically reduced graphene oxide (rGO) is considered as an excellent material for gas sensing due to its facile solution process, low cost, scalable production, and large available surface areas [22] [23] [24] [25] [26] . On the surface of rGO, there are full of defects and chemical groups can enhance gas adsorption.
In this paper, we report a novel gas sensor based on layer-by-layer (LbL) self-assembled GO and rGO on the Au electrodes. The negative of GO assembles on the positive charged Au electrodes when modified by 3-Aminopropyltrimethoxysilane (APS), then the positive rGO assembles on the surface of negative GO.
Experiment Preparation of the Go and Rgo
The negatively charged GO was prepared by a modified Hummers method [27] . The positively charged rGO was prepared via the reduction of GO by p-phenylenediamine (PPD). In detail, 650 mg PPD was add to 75 ml alcohol, afterwards, 150 ml of GO (1 mg/ml) was dispersed in the PPD solution. The mixture was ultrasonicated for a few minutes. The mixture was refluxed in an oil bath at 90 o C for 16 h in order to reduce the GO. Then the black mixture was filtered and washed with DMF, water, alcohol three times in sequence. Subsequently, the mixture was diluted with alcohol in order to obtain the suspensions with different concentrations.
Lbl Self-Assembly of Go and Rgo on the Au Electrodes
In order to get the positively charged interdigital electrode, the clean electrodes were immersed in the mixture of H 2 SO 4 :H 2 O 2 (3:1) at 90 o C for 1 h. Then the electrode was washed with distilled water, followed by immersing in APS solution for 3 h. The electrodes were then put in oven at 150C for 3 h. Finally, the electrodes decorated with -NH 2 were obtained. The positively charged electrodes were firstly immersed in GO solution for 20 min to render the electrode negative charged, then it's cleaned by water and alcohol separately. The electrode was then transferred to the positive charged rGO solution for 20 min, subsequently washed by alcohol and water separately. This process was repeated for required cycles to achieve the (GO/rGO)n sensor.
Characterization
National Instruments 380ZLS was used to evaluate the Zeta potential of GO and rGO solution. Hitachi SU8010 was used for the scanning electron microscopy(SEM) image. A homemade test system was designed to detect the performance of the LbL self-assembled (GO/rGO)n sensor which was mentioned in the previous studies [28] .
Results and Discussion

(Go/Rgo)N Materials
The potential of GO and rGO solutions (1 mg/ml) were tested by zeta potential analyzer. The potential of GO was -20.80 mV and that of rGO was 0.15 mV, which indicated that the negatively charged GO and the positively charged rGO were successfully achieved.
The surface topography of the (GO/rGO)n materials with different layer number n was evaluated by SEM (Fig. 1) . From the SEM images, it is observed that (GO/rGO)n were successfully assembled on the electrode by electrostatic attraction.
Fig. 1 SEM images of (a) (GO/rGO)2; (b) (GO/rGO)4; (c) (GO/rGO)6; (d) (GO/rGO)8; (e)
(GO/rGO)10; and (f) (GO/rGO)12
Gas Sensor
The sensor performances of (GO/rGO)n gas sensors based on assembled GO and rGO were analyzed as shown in Fig. 2-5 . Once the sensor was exposed to the DMMP, it responded quickly. For different concentrations of DMMP, the response of the (GO/rGO)n sensor was obtained by the following equation [29] :
(1)
Where, R 0 and R DMMP are the resistance of sensors before and after exposure of the device to DMMP. Fig. 2 Response of (GO/rGO)n sensor with layer number for 50 ppm of DMMP Fig. 2 demonstrated that the sensor prepared with different layers of GO/rGO showed different responses under 50 ppm DMMP. Obviously, with the increase of layers, the response of the sensor also increased. The response of (GO/rGO) 10 sensor was reached up to 3.06%. However, when layers of GO/rGO was more than 10, the response was reduced (2.12% for (GO/rGO) 12 ), probably due to an excess of graphene assembled on the electrode. Fig. 3 Response curve of the (GO/rGO)10 sensor for different concentrations of DMMP 10 layers of GO/rGO were used for devices of gas sensor. Fig. 3 showed the (GO/rGO) 10 gas sensor for 20 and 50 ppm of DMMP. The response value of the sensor increased with the concentration of DMMP. A 1.83% resistance variation was achieved when the concentration was as low as 20 ppm. Fig. 3 also showed good recovery performance with recovery time of 4 min. Three adsorption and desorption cycles were carried out for testing the repeatability of the sensors. Fig. 4 showed that the resistance of the device increased rapidly at room temperature as soon as the sensor for 50 ppm DMMP. The sensor could recover within 4 min. The three successful adsorption and desorption showed good repeatability.
Conclusions
A novel sensor based on self-assembled GO and rGO alternative layers was reported for gas sensor. The negatively charged GO and the positive charged rGO was successfully assembled on the positive charged electrode in turn by electrostatic attractions. The effects of different layers of (GO/rGO)n on the gas sensing properties were studied. The results showed that the response of the (GO/rGO) 10 sensor exposed to 20 ppm DMMP vapor showed the response as high as 1.83%. Also, the (GO/rGO) 10 sensor had a good repeatability and short recovery time for DMMP.
